The archetype example of a compartmentalized system is the living cell,^[@ref1]^ in which hierarchical compartmentalization at the level of organelles, followed by their intracellular organization, enables complex physiological functions.^[@ref2]^ Interestingly, the spatial organization and functions of cells are entirely created through the self-assembly of multicomponent biological subunits. Although the self-sorting of these different components into biological supramolecular structures is well known, the processes that lead to higher-level organization of these structures into different compartments remain poorly understood. To mimic the intracellular compartmentalization can not only improve our understanding of the intracellular scenario but also inspire the design and construction of hierarchically compartmentalized functional objects,^[@ref3]^ such as artificial cells^[@ref4]^ and microreactors.^[@ref5]^

In recent years, much progress has been made toward the development and understanding of multicomponent self-assembly in synthetic systems.^[@ref6]^ In particular, self-sorting or orthogonal self-assembly, that is, the independent self-assembly of different building blocks into distinct supramolecular structures,^[@ref7]^ is a viable route toward complex systems composed of different coexisting supramolecular structures, such as fibers,^[@ref8]^ micelles or vesicles,^[@ref9]^ and liquid crystals.^[@ref10]^ Despite these advances, self-sorting in synthetic systems is still limited to the molecular level, and multilevel organization toward hierarchical supramolecular architectures remains an elusive goal.

Here we present a rare example of hierarchical compartmentalization on both nanoscale and microscale that has resulted exclusively by the self-assembly of different synthetic molecules. We find that molecular gelators bearing a common self-assembling motif first self-sort into distinct nanofibers, which further self-sort into separated microdomains, resulting in hierarchically compartmentalized supramolecular gels. Our findings suggest that subtle variations in interactions can also enable self-sorting. Importantly, such hierarchically compartmentalized systems are formed spontaneously, without consumption of fuels, thereby contributing to our understanding of self-sorting and compartmentalization in both synthetic and natural systems.

In this work, we used a modular supramolecular gel system with tunable properties based on the in situ formation of tris-hydrazone gelators from soluble hydrazide (**H**) and aldehydes.^[@ref11]^ By combining an anionic (**A**^**--**^) and a neutral aldehyde (**A**), we obtained a multicomponent gelator system consisting of neutral (**NGs**: **HA**~**3**~) and charged gelators (**CGs**: **HA**~**2**~**A**^**--**^, **HAA**~**2**~^--^, and **HA**~**3**~^--^) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). We anticipated that the introduction of charges may prevent bundling, thereby influencing the viscoelastic properties of the gels.^[@ref11],[@ref12]^

![(a) Schematic of formation of gelators from the precursors of **H**, **A**, and **A**^**--**^. **A-FL** was used as a fluorescence label for self-assembled structures. (b) Photograph of the gel sample. (c) CLSM image of the gel networks. d) Magnified 2D and (e) the corresponding 3D CLSM images (transparent mode) of the gel networks. (c--e) 30 μM **A-FL** was added to the pregel solution.](ja-2018-09596g_0001){#fig1}

In this study, unless otherwise mentioned, the samples were prepared from a mixture of **H** (20 mM) and aldehydes **A**, **A**^**--**^ (120 mM, different mol % **A**^**--**^) dissolved in a phosphate buffer (0.1 M, pH 7.0). The total concentration of aldehydes was constantly kept six times higher than **H** to achieve full conversion of **H** into tris-hydrazone products. In a typical experiment, a gelator precursor solution including 30 mol % **A**^**--**^ was prepared. After 24 h, a turbid gel was formed, as determined by tube inversion test ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Surprisingly, confocal laser scanning microscopy (CLSM) revealed that the resulting gel consisted of worm-like microstructures ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d), which are very different from the typical fibrous networks of **HA**~**3**~ gel ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)) and other supramolecular gels.^[@ref11],[@ref13]^ Three dimensional (3D) CLSM revealed that the gels consisted of closely packed crumpled sheets ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e and [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_002.avi)), and the worm-like structures appeared to be 2D cross sections of these sheets. Notably, these unique networks were independent of the addition of the probe **A-FL** ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)).

To investigate whether the appearance of the crumbled sheets is caused by the presence of **A**^**--**^, we varied the amount of **A**^**--**^ and explored its effects on the gel morphology ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)). We found that gels were formed only if \<40 mol % **A**^**--**^ was added. Furthermore, the addition of small amounts of **A**^**--**^ already led to a marked decrease in the cluster sizes ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, 0 to 5 mol %). Interestingly, at 8 mol % **A**^**--**^, some isolated structures were formed (arrowed area in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), and further increasing the amount of **A**^**--**^ led to crumpled sheets. Importantly, the density of the crumpled sheets increases with the amount of **A**^**--**^, indicating that the sheet structure is related to the charged species. High-performance liquid chromatography (HPLC) analysis confirmed that the gels consisted of two types of gelators, that is, **NGs** and **CGs**, as was expected ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)).^[@cit11a]^ In each sample, **H** was fully converted to tris-hydrazone gelators, and the amount of **CGs** was increased with mol % **A**^**--**^. This confirms the aforementioned correlation between the crumpled sheets and **CGs**. When the added **A**^**--**^ was \>40 mol %, the molar fraction of **CGs** was exceeded 0.75. Most likely, these high concentrations of **CGs** hinder either the self-assembly of gelators or the cross-linking of fibers because of the electrostatic repulsion, with both scenarios explaining the lack of gel formation in samples with \>40 mol % **A**^**--**^.

![(a) CLSM images of the gel networks formed with different mol % **A**^**--**^. (b) Gelator composition of the gels, the amount was normalized by the initial concentration of **H**. (c) Influences of mol % **A**^**--**^ on the gel stiffness. 30 μM **A-FL** was added for CLSM tests.](ja-2018-09596g_0002){#fig2}

After studying the gel structures, we applied oscillatory rheology to investigate the effects of the content of **A**^**--**^ on the viscoelastic properties of the gels ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)). We found that the addition of small amounts of **A**^**--**^ from 0 up to 8 mol % led to an increase in **G*′* from ∼700 Pa to 5.0 kPa, but larger mol % **A**^**--**^ caused a dramatic decrease in **G*′*, from ∼5.0 kPa (8 mol % **A**^**--**^) to ∼40 Pa (35 mol % **A**^**--**^). In all of these samples, **G*′* is constantly higher than **G*′′*, indicating the gel state. This **G*′* maximum at 8 mol % **A**^**--**^ coincides with the initial reduction of cluster sizes, followed by the appearance of crumpled sheets, as observed in the CLSM tests. Apparently, the reduction in cluster sizes leads to an increase in gel stiffness, whereas the formation of crumpled sheets weakens the gels.

In the subsequent experiments, we are keen to unveil how these gel networks can be formed. Closer inspection of the gel networks by CLSM revealed that the areas in between the sheets displayed typical fibrous networks (right top, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), similar to the morphology of **HA**~**3**~ gels,^[@cit11a]^ whereas the crumpled sheets showed uniform fluorescence without any visible fibrous structures (right bottom, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Bleaching experiments revealed that the fluorescence recovered slowly, indicating the cross-linked state in both areas ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)). Cryo-TEM confirmed that the gels are composed of thin fibers and fibrous bundles ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)). Moreover, polarized light microscopy showed that neither the crumpled sheets nor the fibrous networks are birefringent ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)). We therefore conclude that the coarse network consists of randomly oriented fibrous bundles that are visible by CLSM, whereas the crumpled sheets consist of randomly dispersed finer fibers that cannot be resolved by optical microscopy.

![(a) Morphologies of the gel networks (30 mol % **A**^**--**^, 30 μM **A-FL**) in crumpled sheets and the areas in between the sheets. (b) Illustrated composition of the gel networks.](ja-2018-09596g_0003){#fig3}

We were wondering how these different fibrous networks are related to the composition of the gelators. Clearly, the appearance of the crumpled sheets is related to **A**^**--**^, whereas the coarse networks are more prominent at lower **A**^**--**^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Therefore, it seems likely that the coarse networks are composed of neutral fibers (**NFs**) formed from **NGs**, as they are prone to form bundles ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)).^[@cit11a],[@ref14]^ In contrast, the finer fibers in the crumpled sheets are charged fibers (**CFs**) containing at least a significant fraction of **CGs**, which can effectively prevent bundling relying on the interfibrous electrostatic repulsion ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). Most interestingly, the formation of different fibers and their subsequent organization into different microdomains starting from a mixture of gelator molecules would involve the self-sorting of the gelators first at the supramolecular level and subsequently at the macroscopic level.

To investigate the above hypothesis, we first investigated the distribution of **CFs** in the gel networks using CLSM by selectively staining the **CFs** with a cationic dye **Hoechst 33342** (blue, [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)). Simultaneously **A-FL** (green) was used to stain all fibers. CLSM showed again in the green channel the gel networks with crumpled sheets, indicating that the presence of **Hoechst 33342** does not affect the gel morphology ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). However, in the blue channel, only the crumpled sheets appeared to be stained by **Hoechst 33342** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf), and [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_003.avi)). Additionally, **HA**~**3**~ gel was not stained by **Hoechst 33342** ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)), indicating no appreciable interactions between **NFs** and **Hoechst 33342**. These results unambiguously confirm that the crumpled sheets consist of **CFs**, whereas the coarse networks are formed by **NFs**.

![(a) Split 2D (top) and the corresponding 3D (bottom) CLSM images. (b) Formation process of the gel networks (30 mol % **A**^**--**^). (c) Critical formation time of fibers as a function of mol % **A**^**--**^. (d) Illustration of the multilevel self-sorting process. 30 μM **A-FL** and 20 μM **Hoechst 33342** were added for CLSM tests.](ja-2018-09596g_0004){#fig4}

To investigate how self-sorting of a molecular mixture leads to different microdomains, we monitored the formation of these gel networks over time by CLSM and rheology while analyzing the molecular composition over time by HPLC. HPLC experiments showed that both **A** and **A**^**--**^ reacted with **H** at similar rates and complete conversion within 5 h ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)), in line with a previous study.^[@cit11a]^ This result confirms that the proposed self-sorting of **NGs** and **CGs** is not simply due to their different formation rates. Rheological measurements showed that after ∼40 min to ∼4.3 h, depending on the amount of **A**^**--**^, **G*′* started to rise, indicating the onset of fiber formation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)), and then gradually increased until reaching the final strengths.

Then, we followed the formation of the gel networks over time using CLSM by labeling the samples with **A-FL** and **Hoechst 33342** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [Movie S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_004.avi)). Initially the sample only displayed green fluorescence; however, after ∼1.3 to ∼4.9 h, depending on the amount of **A**^**--**^, a homogeneous blue fluorescence started to appear ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,c). We assign the development of the blue fluorescence to the formation of **CFs**, and, interestingly, its development is markedly delayed compared with the onset of fiber formation observed by rheology. Apparently, the onset of fiber formation observed by rheology marks the formation of **NFs**, which precedes the formation of **CFs**. The CLSM experiments showed that over the next 2 h the blue fluorescence gradually increased but remained homogeneous. However, after ∼5 h, the blue fluorescence became inhomogeneous, and after ∼5.6 h blue-stained sheet structures became visible and separated from the bulk area, gradually collapsing into a crumpled state. A control sample without **Hoechst 33342** gave rise to the same gel-formation process ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf) and [Movie S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_005.avi)), indicating the lack of impact of the addition of **Hoechst 33342** on the gel formation process.

Altogether, these results clearly reveal that the formation of the gel networks with crumpled sheets proceeds through three stages ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). In stage I, characterized by a rise of **G*′* and the absence of blue fluorescence, **NFs** are formed through self-assembly of **NGs**. In stage II, marked by the development of a homogeneous blue fluorescence, **CFs** are formed and remain homogeneously mixed with **NFs**. Most likely, the delayed formation of **CFs** compared with **NFs** is related to a higher critical assembly concentration (CAC) of **CGs** compared with **NGs**, caused by electrostatic repulsions ([Figures S13 and S14](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b09596/suppl_file/ja8b09596_si_001.pdf)). Whereas **NGs** and **CGs** are formed at the same rate, **NGs** reach their CAC prior to **CGs**, and as a result, **NFs** are formed earlier in time than **CFs**, thereby providing an example of kinetic self-sorting.^[@cit6a],[@ref15]^ Finally, in stage III, characterized by macroscopic phase separation, a higher-level self-sorting takes place, in which **NFs** and **CFs** separate into different microdomains consisting of coarse networks of **NFs** and crumpled sheets of **CFs**, respectively. Although the mechanism of this second self-sorting process remains unclear, it should also be noted that in aqueous two-phase systems, polyethylene glycol (PEG) polymers and anionic polyelectrolytes are prone to form separated phases.^[@ref16]^

In summary, we have shown how multilevel self-sorting processes can lead to the spontaneous formation of hierarchically compartmentalized supramolecular gels. This finding would accelerate our understanding of both the natural and synthetic self-sorting systems and can serve as a starting point for the "bottom-up" fabrication of hierarchically compartmentalized structures for applications in, for example, synthetic biology,^[@ref4]^ catalysis,^[@ref17]^ and drug delivery.^[@ref18]^
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